Abbreviations
=============

ARNTL/2

:   aryl hydrocarbon receptor nuclear translocator-like/2

BHLHE40/41

:   basic helix-loop-helix family, member e

CLOCK

:   circadian locomotor output cycles kaput

CRY1/2

:   cryptochrome circadian clock 1/2

DBP

:   D site of albumin promoter (albumin D-box) binding protein

DFS

:   disease-free survival

ER

:   estrogen receptor

HER2

:   human epidermal growth factor receptor 2

HR

:   hazard ratio

MFS

:   metastasis-free survival

NFIL3

:   nuclear factor, interleukin 3 regulated

NPAS2

:   neuronal PAS domain protein 2

NR1D2

:   nuclear receptor subfamily 1, group D, member 2

PER1/2/3

:   period circadian clock 1/2/3

RORA/B/C

:   RAR-related orphan receptor alpha/beta/gamma

SCN

:   suprachiasmatic nucleus

Introduction {#s0001}
============

The circadian clock system coordinates physiological and behavioral processes in mammals throughout the day. It is composed of multiple cellular oscillators distributed throughout the body that are hierarchically organized, the suprachiasmatic nucleus (SCN) being the master pacemaker for subordinated clocks in other brain regions and peripheral tissues.[@cit0001] Three elements are necessary for the proper functioning of biological clocks: a core clockwork capable of autonomous oscillation, thus synchronizing internal and external time, an input pathway that conveys time information from the environment to the clock, and an output pathway that mediates coordination and synchronization of clock-controlled physiological processes.[@cit0001] At the molecular level, circadian rhythms are generated by a system of interlocking autoregulatory transcriptional/translational feedback loops. The major components of this cellular clock network are the transcriptional activators CLOCK (and its paralog, NPAS2) and BMAL1 (ARNTL), which upon heterodimerization upregulate the expression of the *Period* (*PER1*, *PER2* and *PER3*) and *Cryptochrome* (CRY1, *CRY2*) genes. The corresponding protein products, in turn, form the negative limb of the core loop. Toward the end of the day PER and CRY proteins translocate to the nucleus to inhibit CLOCK-BMAL1, thus repressing their own transcription. Additional feedback loops have been identified that involve other genes such as NR1D1 (*Rev-erb*α*)*, *RORA*, *DBP*, *E4BP4* (*NFIL3*), and the bHLH members *DEC1* and *DEC2* (*Bhlhb2/BHLHE40*, *Bhlhb3/BHLHE41*).[@cit0004]

The importance and individual contribution of the aforementioned genes in circadian rhythms has been demonstrated by generating mutations in mice. Loss of behavioral and molecular rhythmicity, altered period length, and disrupted entrainment of locomotor activity are examples of phenotypes derived from circadian gene deficiency.[@cit0004]

Disruption of circadian rhythms has been linked to mammalian tumorigenesis in numerous reports.[@cit0006] Early studies in the 1960s showed that disturbances of the circadian system in animals, through ablation of the pineal gland or constant light exposure, resulted in increased formation of mammary tumors. In humans, epidemiological studies have provided important evidence that working at night is a risk factor for breast cancer development, although recent systematic reviews are cautious.[@cit0008] Interestingly, disruption of circadian rhythm does not only seem to increase the risk of tumor development, but also enhances progression of already existing tumors. For instance, clinical studies found that circadian disturbances in cancer patients (e.g., altered 24 h rest/activity patterns or cortisol rhythms) were significantly associated with shorter survival.[@cit0009] Supporting these findings, destruction of the SCN in mice resulted in accelerated growth of inoculated tumors.[@cit0010]

Evidence that individual genes of the circadian clock play a role in the control of tumorigenesis has been provided as well. *Per2* loss-of-function mutations in mice led to higher tumor incidence upon γ-irradiation compared to wildtype mice.[@cit0011] In addition, the proliferation-associated gene *c-myc*, as well the *c-myc*-regulated genes, *CyclinD1* and *Gadd45* were deregulated in *Per2* mutants. This mechanistic link between the circadian clock and proliferation strongly suggests that circadian clock genes suppress cancer development *in vivo* by controlling expression of genes involved in growth control and cell division.[@cit0012]

The possibility that perturbations in the cellular clockwork might play a role in the initiation of malignant cell transformation has prompted many investigators to examine the expression of circadian genes in tumor tissues. In accordance with a tumor suppressor role of the circadian clock, tumors were found to display decreased levels of several clock genes compared to the adjacent normal tissue.[@cit0013] Circadian gene abnormalities such as mutations, deregulated expression and even translocation of *Period* genes have been reported in various cancers including breast, colorectal, endometrial, lung and different types of lymphoma and leukemia.[@cit0007] In addition, single nucleotide polymorphisms in key circadian genes such as *NPAS2* and *CRY2* were found to be associated with cancer risk and patient survival.[@cit0007] Together, these findings clearly emphasize the importance of the circadian system in the maintenance of physiological homeostasis. Its perturbation may provoke deregulated proliferation and thus, carcinogenesis.

Despite the considerable number of recent studies reporting abnormalities of circadian genes in tumors, it has not yet been comprehensively investigated how the deregulated expression of clock genes is associated with survival outcome in human breast cancer. Furthermore, an analysis of coordinated clock gene expression as an approach to evaluate functionality of the molecular clockwork in breast tumors has not been performed to date. In the present study, we examined expression of 17 canonical clock genes in a collection of 766 breast cancer patients who were node-negative at the time of diagnosis and did not receive systemic chemotherapy, enabling a unique opportunity to assess the impact of clock gene expression on the natural course of the disease. We demonstrate a strong association between decreased expression of core clock genes and shorter metastasis-free survival. In addition, we report a loss of co-expression of clock genes in more aggressive carcinomas, represented by high histological grade, estrogen receptor negativity, and HER2 positivity.

Results {#s0002}
=======

Circadian clock genes are associated with prognosis in breast cancer {#s0002-0001}
--------------------------------------------------------------------

To study a possible association of circadian clock genes with metastasis-free survival (MFS) in breast cancer we analyzed a cohort of 766 node-negative patients consisting of 3 different subcohorts: the Mainz cohort (N = 200), the Rotterdam cohort (N = 280) and the Transbig cohort (N = 286). We considered 17 established regulators of the cellular clock machinery that were previously classified into 3 groups[@cit0015]: E-box regulators (*CLOCK*, *ARNTL (BMAL1)*, *PER1*, *PER2*, *PER3*, *CRY1*, *CRY2*, *BHLHE40 (BHLHE2, DEC1*), *BHLHE41 (BHLHE3, DEC2)*, *NPAS2* and *ARNTL2*); D-box regulators (*DBP* and *NFIL3*); and RORE-box regulators (*RORA*, *RORB*, *RORC* and *NR1D2*. In addition, *TIMELESS* - which intersects both with the circadian clock and the cell cycle machinery[@cit0016] - was also included into the analysis. In the univariate Cox analysis, we observed that high mRNA expression of numerous circadian clock genes was associated with longer MFS ([**Table 1**](#t0001){ref-type="table"}; **Tables S1-3**). Most significant values were observed for *CLOCK*, *PER1*, *PER2*, *PER3*, *CRY2* and *RORC* (all showing hazard ratio HR \< 1 and FDR adjusted p-value *P* \< 0.05) ([**Table 1**](#t0001){ref-type="table"}). In contrast, *TIMELESS* was associated with shorter MFS (HR = 1.405; *P* \> 0.001) ([**Table 1**](#t0001){ref-type="table"}). Kaplan-Meier analysis was used to visualize the association between MFS and circadian clock gene expression ([**Fig. 1**](#f0001){ref-type="fig"}; **Fig. S1**). The time interval until occurrence of metastasis was longer for patients with expression of circadian clock genes that is higher than the median compared to patients with lower expression levels. In contrast, patients with high *TIMELESS* expression had shorter MFS compared to patients with low *TIMELESS* ([**Fig. 1**](#f0001){ref-type="fig"}). Table 1.Association of RNA expression of circadian genes with metastasis free survival. RNA expression of *CLOCK*, *PER1*, *PER2*, *PER3*, *CRY2*, *NPAS2* and *RORC* is significantly associated with better metastasis free survival (MFS) in patients with node-negative breast cancer (N = 766) in the univariate Cox analysis (HR \< 1, *P* \< 0.05). In contrast, *TIMELESS* is associated with worse MFS (HR \> 1, P \< 0.05, bold face). HR: hazard ratio, FDR: False discovery rate, 95% CI: (95% confidence interval)A) E-box regulators:Prognostic factor (RNA expression)Affy probe setHR (MFS)P valueFDR95%-CI lower upper*CLOCK*217563_at0.8350.0080.0320.7310.954*CLOCK*204980_at1.0350.6150.7170.9061.182*ARNTL*210971_s\_at0.9080.1590.2620.7931.039*ARNTL*209824_s\_at0.9510.4520.6030.8351.084*PER1*36829_at0.8090.0030.0160.7040.930*PER1*202861_at0.8100.0040.0160.7030.933*PER2*208518_s\_at0.8410.0120.0410.7350.962*PER2*205251_at0.8740.0400.1120.7690.994*PER3*221045_s\_at0.8060.0020.0120.7050.922*CRY1*209674_at1.0260.6980.7240.9011.169*CRY2*212695_at0.781\<0.0010.0030.6850.889*NPAS2*39549_at0.9520.4860.6190.8301.093*NPAS2*205460_at0.9420.3800.5310.8241.077*NPAS2*205459_s\_at0.8520.0170.0530.7470.972*ARNTL2*220658_s\_at0.8930.1260.2350.7731.032*BHLHE40*201169_s\_at0.8910.0920.1970.7791.019*BHLHE40*201170_s\_at0.8830.0540.1260.7781.002*BHLHE41*221530_s\_at0.9180.1900.2960.8071.044**B) D-box regulators:***DBP*209783_at1.1020.1400.2440.9691.254*DBP*209782_s\_at0.8980.1190.2350.7851.028*NFIL3*203574_at0.9720.6800.7240.8511.111**C) RORE-box regulators:***RORA*210426_x\_at1.0380.5830.7100.9081.187*RORA*210479_s\_at1.0270.6970.7240.8981.174*RORB*206443_at1.0820.2250.3320.9531.228*RORC*206419_at0.800\<0.0010.0070.7020.910*NR1D2*209750_at0.9880.8550.8550.8651.128**D) TIMELESS:***TIMELESS*215455_at1.1370.0460.1171.0021.290*TIMELESS*203046_s\_at1.406\<0.001\<0.0011.2431.590 Figure 1.Association of *PER2*, *PER3*, *CRY2* and *TIMELESS* with metastasis-free survival time. High expression of *PER2* (205251_at), *PER3* (221045_s\_at) and *CRY2* (212695_at) is associated with longer metastasis free survival time, whereas high *TIMELESS* (203046_s\_at) expression is associated with shorter metastasis free survival time. The analysis included 766 patients with node-negative breast cancer who have not been treated by chemotherapy. All genes were dichotomized at the median. The log-rank test was used to assess statistical significance of the Kaplan-Meier plots. Kaplan Meier analysis of further circadian genes is shown in **Fig. S1**.

In the multivariate Cox analysis only *PER3* (P = 0.016; HR = 0.658), *RORC* (P = 0.003; HR = 0.421), as well as *TIMELESS* (P = 0.012; HR = 1.607) were associated with MFS, independent of clinical parameters (**Table S4**).

Data on disease-free survival (DFS) comprising time to loco-regional or metastatic recurrence or secondary carcinoma of the contralateral breast was available for the Mainz cohort only. High expression of *PER2*, *PER3*, *CRY2*, *BHLHE40* and *RORC* was significantly associated with longer DFS in the univariate Cox analysis (HR \< 1; FDR adjusted *P* \< 0.05), while high expression of *TIMELESS* was associated with shorter DFS (HR \> 1; FDR adjusted *P* \< 0.05) (**Table S5**). In conclusion, multiple circadian core clock components -- remarkably, those involved in E-box regulation -- are associated with better prognosis.

Association of circadian clock genes with prognosis in breast cancer molecular subtypes {#s0002-0002}
---------------------------------------------------------------------------------------

Breast tumors are classified into different molecular subtypes, ER+/HER2-, ER-/HER2- and HER2+^17^, based on estrogen receptor (ER) and HER2 positivity. This classification influences the treatment strategy and serves as an indicator of tumor aggressiveness, with the ER+/HER2- subgroup representing the least aggressive subtype (**Fig. S2**). In order to elucidate if circadian clock gene expression is of particular relevance in any of these molecular subgroups, we performed individual univariate Cox analyses for ER+/HER2-, ER-/HER2- and HER2+ patients. *PER1*, *PER3*, *CRY2* and *NFIL3* showed a significant association with better prognosis (all HR \< 1; *P* \< 0.05), and *TIMELESS* with worse prognosis (HR = 1.626; *P* \< 0.001) in the ER+/HER2- subtype (**Table S6**; **Fig. S3A and 3B**); whereas, *NPAS2* and *CLOCK* were significantly associated with longer MFS in the ER-/HER2- subtype (HR \< 1; *P* \< 0.05) (**Table S7**; **Fig. S3C and D**), and *ARNTL2* in the HER2+ subtype (HR = 0.385 and *P* \< 0.001) (**Table S8**; **Fig. S3E**). Altogether, the subtype-specific analysis indicated that the prognostic relevance of circadian gene expression differs between breast cancer subtypes. However, it is important to note that the number of patients differs between subtypes, which can influence subtype-specific significance statements. Of particular interest was the strong association between *ARNTL2* expression and better prognosis in HER2-positive tumors, suggestive of a so far not reported protective role for *ARNTL2* in this particular subtype.

Circadian clock genes and their association with clinical parameters {#s0002-0003}
--------------------------------------------------------------------

We next investigated the relationship between prognosis-associated circadian clock genes and conventional clinicopathological parameters, including age at diagnosis, pathological tumor stage, histological differentiation grade and ER, as well as human HER2 status. Higher expression of circadian clock genes that are involved in the negative limb of the central clock, such as *PER1*, *PER2*, *PER3*, *CRY2*, was in general associated with positive ER-status, negative HER2-status, lower grade, lower pT stage, lower metastatic occurrence and age (all P \< 0.05) ([**Fig. 2**](#f0002){ref-type="fig"}; **Fig. S4**); the opposite trend was observed for *TIMELESS* ([**Fig. 2**](#f0002){ref-type="fig"}). *CLOCK* and *NPAS2* showed significant association with lack of metastasis, and *NPAS2* with negative ER-status (**Fig. S4**). Figure 2.Association of RNA levels of *PER2*, *PER3*, *CRY2* and *TIMELESS* with clinical parameters. Significant associations (*P* \< 0.05) of *PER2* (205251_at), *PER3* (221045_s\_at) and *CRY2* (212695_at) with positive estrogen receptor (ER) status, lower grade, lack of metastasis, lower pT stage (1) and higher age were obtained. In addition, *PER3* and *CRY2* also associate with negative HER2-status. *TIMELESS* (203046_s\_at), in contrast, showed significant association with negative ER-status, positive HER2-status higher grade, higher pT stage (2+3) and early metastasis. Differences for age, ER status, HER2 status, pTstage and metastasis were tested by the Mann-Whitney test, differences between grading by the Kruskal-Wallis test. The analysis included 766 patients with node negative breast carcinoma. Further analyses are shown in **Fig. S4**.

Circadian clock genes in relation to known biological motifs in breast cancer {#s0002-0004}
-----------------------------------------------------------------------------

Expression signatures, or metagenes, representative of key biological processes, have been shown to be important prognostic tools,[@cit0018] including (i) the proliferation metagene, consisting of genes involved in cell division (e.g., AURKA, TOP2A), (ii) the B- and T-cell metagenes as markers of immune cell infiltration, and (iii) the estrogen receptor metagene representing estrogen signaling-dependent genes. Additional metagenes, such as a basal-like, a normal-like, or a stromal signature, have also been described.[@cit0018] We determined the relationship of circadian clock genes to these metagenes. Most clock genes (*PER1*, *PER2*, PER3, CRY2, *RORC*, *BHLHE40*, *BHLHE41*) showed a negative correlation (*R* \< −0.3; *P* \< 0.001) with the proliferation metagene ([**Fig. 3**](#f0003){ref-type="fig"}; **Table S9**), with the strongest observed for CRY2 expression (R = −0.612; *P* \< 0.001), followed by *PER2* (R = −0.440; *P* \< 0.001) and *PER3* (R = −0.409; *P* \< 0.001) ([**Fig. 3**](#f0003){ref-type="fig"}). In contrast, *TIMELESS* mRNA showed a strong positive correlation with the proliferation signature (R = 0.674, *P* \< 0.001) ([**Fig. 3**](#f0003){ref-type="fig"}). In addition, several circadian clock genes showed a strong positive correlation with the ER metagene (*R* \> 0.4 *P* \< 0.001 for CRY2, PER2, PER3, BHLHE40), the highest for *PER2* (R = 0.487 *P* \< 0.001) ([**Fig. 3**](#f0003){ref-type="fig"}) and *BHLHE40* (R = 0.616 *P* \< 0.001) (**Table S9**). Only weak negative correlations were found with the B- and T-cell metagenes. All correlations found in the combined cohort were also significant in each of the single cohorts (**Table S7**). Figure 3.Correlation of *PER2*, *PER3*, *CRY2* and *TIMELESS* with the proliferation and the estrogen receptor (ER) metagenes. *PER2* (205251_at), *PER3* (221045_s\_at) and *CRY2* (212695_at) show a negative correlation with the proliferation metagene and a positive correlation with the ER metagene. Conversely, *TIMELESS* (203046_s\_at) shows a positive correlation with the proliferation metagene but negative correlation with the ER metagene. Scatterplots along with the corresponding Spearman´s rank correlation coefficients are shown. The analysis included carcinomas of 766 patients with node-negative breast cancer.

Correlations between the expression of circadian clock genes decrease in more aggressive tumor types {#s0002-0005}
----------------------------------------------------------------------------------------------------

PER1, PER2 and PER3 proteins have been described to form heterodimers among themselves,[@cit0021] as well as with CRY1 and CRY2,[@cit0022] and the formation of different dimer combinations is dependent on the availability of the individual components throughout the 24-hour period.[@cit0023] Importantly, dimer formation plays a crucial role in the negative regulatory feedback loop of the circadian clockwork. The *CRY* and *PER* genes display highly coordinated temporal expression patterns[@cit0022] and loss of proper phase-relationships might affect the efficiency of the negative feedback loop. In agreement with this notion, the stoichiometric relationship among clock proteins has been shown to determine robustness of the circadian rhythm.[@cit0030] Hypothesizing that a strong positive correlation coefficient reflects coordinated co-expression (**Fig. S5**) and thus proper regulation of the circadian clockwork, we explored pairwise correlations of clock gene expression in tumors stratified according to ER status, HER2 status, histological grade and metastatic recurrence.

Correlation coefficients between *PER2* and *PER3*, and *CRY2* and *PER3* were shown to be the highest in the correlation analysis performed in the combined cohort (**Fig. S6**). Furthermore, after stratification it was shown that the correlation coefficients were higher for ER-positive tumors than for ER-negative tumors ([**Fig. 4**](#f0004){ref-type="fig"}). For example, a relatively high correlation coefficient for *PER2-PER3* (R = 0.537) was obtained in ER+ tumors; whereas, in ER- tumors this correlation (R = 0.054) was close to zero ([**Fig. 4A**](#f0004){ref-type="fig"}). A similar scenario was observed for HER2-negative versus HER2-positive as well as grade 1 and 2 vs. grade 3 carcinomas ([**Fig. 4A**](#f0004){ref-type="fig"}). Also, non-metastasizing tumors displayed higher correlation coefficients than metastasizing carcinomas ([**Fig. 4A**](#f0004){ref-type="fig"}). These results obtained in the combined cohort were comparable to those in the Mainz, Transbig and Rotterdam cohort analyzed separately (**Fig. S5**). Correlation coefficients for *CRY2-PER3* showed a similar pattern ([**Fig. 4B**](#f0004){ref-type="fig"}). Figure 4.Correlations of circadian clock genes in tumors stratified according to ER status, HER2 status, histological grade and metastasis occurrence. Correlation coefficients between *PER2* (205251_at) and *PER3* (221045_s\_at) and between *CRY2* (212695_at) and *PER3* (221045_s\_at) are higher in estrogen receptor (ER)-positive and HER2-status negative tumors, and also in tumors with low grade and with no metastatic occurrence (green color). Conversely, correlations are lower in ER negative, HER2 status positive, high grade and metastatic tumors (red color). Correlations were analyzed using the Spearman correlation test. The subgroup analysis included the combined cohort of 766 patients with node-negative breast cancer except in grade, since grade information is only available for the Mainz and the Transbig cohorts (combined N = 480). Correlation analysis in the single cohorts is shown in **Fig. S7**.

Furthermore, we studied correlations in tumors stratified according to molecular subtypes. Positive correlation coefficients above 0.4 were observed for *PER2*-*PER3* (R = 0.578) and *PER3*-*CRY2* (R = 0.434) in ER+/HER2- tumors, the molecular subtype in which these genes were also associated with better outcome. In ER-/HER2- and HER2+ tumors, these correlations were considerably lower (not shown). Taken together, the results show that correlations between the expression of canonical circadian clock genes decrease in more aggressive tumor types.

To further explore this hypothesis we also investigated correlations between *PER/CRY* genes and *ARNTL*, representing the negative and positive branches of the E-box regulation circuit, respectively. The expression pattern of *ARNTL* is known to be antiphasic to that of period genes,[@cit0032] which we therefore expected to negatively correlate with in a functional clockwork. Our analyses showed a negative correlation - weak but significant- between *ARNTL* and *PER* genes (e.g., R = −0.2, *P* \< 0.001 for *ARNTL*-*PER1*) in low grade carcinomas, which was not seen in high grade tumors (**Table S10**).

This finding leads to the question of whether loss of synchronized expression of circadian genes is associated with worse prognosis. To address this statistically, we performed the following analysis: for each patient the residual value -- which represents the absolute value of the distance to the regression line in the regression plot - was calculated. Since high residual values are indicative of a higher deviation from a perfect correlation, we hypothesized that the more deviated patients would also display a worse outcome. Indeed, a trend was observed that higher residual values in the regression plot of *PER2* and *PER3* were associated with worse prognosis (HR = 1.72; P = 0.155). Adjustment of the analysis to either *PER2* or *PER3* or to clinical factors did result in a significant hazard ratio (**Fig. S8**).

Discussion {#s0003}
==========

A tumor suppressor role of the circadian clock has previously been reported in multiple studies.[@cit0007] These findings suggest an important role for the circadian clock in the maintenance of physiological homeostasis and potentially explain how its failure may lead to disease. In this study, we aimed to investigate the importance of circadian clock function in relation to metastasis-free survival in breast cancer. We demonstrate that loss of expression of circadian clock genes is associated with worse prognosis in a large collection of node-negative breast cancer patients. Focusing on well-known key components of the molecular clockwork, high expression of *CLOCK*, *PER1*, *PER2*, *PER3*, *CRY2*, *NPAS2* and *RORC* - all of which, with the exception of RORC are involved in E-box regulation - was associated with longer metastasis-free survival. The association of circadian genes with favorable prognosis supports the idea that the maintenance of circadian clock function may protect from tumor progression. Furthermore, stratification of tumors according to their molecular subtype revealed prognostic relevance of different circadian genes in the different subtypes. *PER1*, *PER3* and *CRY2* were associated with better prognosis in ER+/HER2- tumors. In contrast, *CLOCK* and *NPAS2* showed significant association with better prognosis in ER-/HER2- tumors and *ARNTL2* in the HER2-positive breast cancer subtype. A role for *ARNTL2* in this particular breast cancer subtype is a novel and unexpected result that has not been described in prior studies. Interestingly, higher expression of *CLOCK* and *NPAS2*, which are paralogs with partially overlapping functions in the positive limb of the molecular clock, may discriminate patients with better outcome in the more aggressive ER-negative breast cancer subtype.

A key feature, shared by the majority of prognosis-associated circadian clock genes, was their strong association with ER and HER2 status as well as tumor grade. They displayed significantly lower expression in ER negative and/or HER2 positive carcinomas. Likewise were lower expression levels observed in high-grade tumors, indicating their decreased expression with tumor de-differentiation. Such strong associations with clinical parameters may explain why most circadian clock genes do not provide independent prognostic information in the multivariate analysis, which limits their usability as prognostic markers in a clinical setting. Noteworthy, exceptions to this general observation were *PER3* and *RORC*, both displaying prognostic power independent of conventional clinicopathological parameters. Concerning *PER3*, similar associations with disease-free and overall survival in breast cancer have been previously reported.[@cit0034] However, the relevance of *RORC* with regard to breast cancer prognosis has not yet been described.

Studying the correlation of clock gene expression with previously established metagenes,[@cit0018] we observed negative correlations with the proliferation metagene. Remarkably, all core clock genes showed a highly significant negative correlation with relatively high coefficients. These results are in agreement with previously published studies showing how loss of circadian gene expression may lead to loss of control of cellular proliferation.[@cit0011] The negative correlation of clock genes with the proliferation metagene is also consistent with their association with lower grade and with better prognosis. Correlation of circadian core clock genes with the ER metagene also fits with their association with ER-positive status.

Loss of estrogen receptor (*ESR1,* coding for ERα) expression in tumors is associated with resistance to endocrine therapy and a more aggressive course of disease. The finding that circadian gene expression (e.g., *PER1*, *PER3* and *CRY2*) -- and likely activity of the circadian clock - is higher in ER-positive and decreased in ER-negative tumors suggests an important connection between the circadian clock and ER-signaling. Importantly, Gery et al.[@cit0035] could show that *PER2* itself is estrogen-inducible and at the same time promotes degradation of the estrogen receptor. One important aspect of this reported ERα-PER2 mutual regulation[@cit0035] is the control of circadian gene expression by estrogen signaling. If estrogen influences the circadian clock in breast tissue, it may potentially act as a *zeitgeber*. Interestingly, Bao et al.[@cit0036] have been able to detect diurnal and ultradian rhythms of salivary estrogen in addition to the well-known fluctuations of estrogen levels during the menstrual cycle. Moreover, the ERα protein itself has been reported to oscillate in a circadian manner in mammary epithelial cells *in vitro* upon entrainment by serum shock.[@cit0037] Thus, it is tempting to speculate that loss of ER in tumors may have an impact on circadian clock resetting. Accordingly, the circadian machinery in mammary tumors, when deprived of ER input, would lose its robustness or synchronicity with the rest of the body. This could explain both the observed reduced expression of and correlation between clock genes, including *PER2*, *PER3* and *CRY2* in ER-negative tumors. Our findings are consistent with those of Rosetti et al.,[@cit0037] showing loss of circadian oscillation of clock genes in ER-negative breast cancer cell lines.

An additional interesting aspect derived from the crosstalk reported by Gery et al.[@cit0035] is the regulation of the ERα itself by the circadian clock. Could disturbances of circadian rhythms be a cause for aberrant or impaired estrogen receptor expression/signaling in breast cancer? One recent study has suggested that long-term night shift work is associated with an increased risk of ER-negative breast cancer.[@cit0038] Thus, further investigations are required to understand in detail the crosstalk between the circadian clock and estrogen signaling. Regardless of the underlying mechanism, the idea that a functional circadian clock would temporarily restrict the ability of cells to respond to estrogen *via* controlling ERα stability may have important implications in the management of endocrine therapy. Well-differentiated ER-positive tumors that still contain a robust circadian clock may therefore display circadian variation in ERα levels and activity. Although to our knowledge no chronotherapeutic administration of estrogen antagonists (e.g., tamoxifen) has been reported (in contrast to chrono-chemotherapy in other cancers[@cit0014]), our observation that ER-positive tumors seem to have a functional molecular clockwork suggests that they may be suitable for chronotherapy, as also pointed out in other studies.[@cit0037]

In contrast to the aforementioned core clock components, high expression of *TIMELESS* correlated very strongly with the proliferation metagene and was associated with poor prognosis. This is not surprising because *TIMELESS* is a known positive regulator of DNA replication[@cit0039] and was previously associated with unfavorable outcome in other cancers.[@cit0040] A remarkable finding was that the association of *TIMELESS* with MFS is independent of the established clinical parameters age, grading, pTstage, ER and HER2 status. Moreover, we observed higher expression of *TIMELESS* in more aggressive carcinomas, such as grade 3, ER-negative, HER2-positive and metastasizing tumors. *Vice versa*, expression of core clock components, such as *CRY2*, *PER2* and *PER3*, was decreased in these more aggressive tumor types. This shift in balance may have important implications for the integrity of the molecular clock. Recently, *TIMELESS* has been reported to physically interact with the core clock component CRY1.[@cit0016] It was also shown that PER2 competes with TIMELESS for binding to CRY1. According to this, higher expression of *TIMELESS* and lower expression of *PER2* in tumors would result in a reduction of PER2-CRY dimers in favor of TIMELESS-CRY1 dimers. This may antagonize the ability of PER-CRY heterodimers to regulate expression of key genes involved in proliferation, such as *c-Myc*, and *cyclins D1*, *B1* and *A2.*[@cit0006] This mechanism may also explain the co-existence of high *TIMELESS*, low core clock components and high proliferation in more aggressive breast carcinomas.

For a more in depth analysis of circadian gene relationships, we focused on the *PER* and *CRY* genes, whose molecular interaction patterns are well understood. PER and CRY proteins form dimers that act as negative feedback regulators by repressing their own transcription as well as the transcription of other E-box-regulated, clock-controlled genes and have moreover been shown to display a similar oscillation pattern.[@cit0022] Under conditions of coordinated oscillation, a strong correlation between the expression levels of these genes can be anticipated. In agreement with this concept, strong correlations between *PER2*-*PER3* and *CRY2*-*PER3* were indeed observed. While less aggressive tumors displayed strong correlations, lower correlation coefficients were generally observed in more aggressive carcinomas. Hypothesizing that low correlations, due to desynchronization of the circadian clock, would compromise heterodimer formation and hence the function of the molecular clockwork, deregulation of originally synchronized genes may be a feature of tumor dedifferentiation. This "breakdown" of correlation between clock genes was observed with loss of ER expression, HER2 amplification and increasing histological grade, well-known features of poorly differentiated and more aggressively growing tumors. Moreover, tumors with short time to metastasis showed lower correlation coefficients than non-metastasizing tumors. The absence of a negative correlation coefficient between *ARNTL* and *PER* genes in high grade tumors also supports the idea that the negative regulatory feedback loop of the circadian clockwork is less robust in more dedifferentiated breast cancer.

The results discussed so far illustrate that the circadian clock machinery is compromised in poorly differentiated and more aggressive carcinomas not only due to reduced expression levels of circadian genes but also as a result of desynchronization between them. In an attempt to differentiate between these 2 possibilities, we analyzed the absolute residuals of the correlation plots of *PER2* and *PER3*. These residuals represent a measure to which degree expression of *PER2* and *PER3* deviate from a perfect correlation. While *PER2* and *PER3* were both significantly associated with better prognosis, the high residuals showed a trend toward worse prognosis. This trend, however, did not amount to statistical significance. Therefore, this type of statistical analysis could not answer the question whether compromised correlation between core clock genes leads to a more aggressive tumor growth.

In conclusion, loss of expression of core clock genes, mainly those involved in E-box regulation is associated with worse prognosis in breast cancer. Correlations between clock genes could still be observed in low grade, ER+ and HER2- and non-metastasizing tumors but were lost or strongly decreased in high grade, ER-, HER2+ and metastasizing carcinomas.

Materials and Methods {#s0004}
=====================

Patient cohorts and gene expression array analysis {#s0004-0001}
--------------------------------------------------

This study is based on Affymetrix HG-U133A gene expression array data from a cohort consisting of 200 node-negative breast cancer patients, operated for a primary breast tumor between 1988 and 1998 at the Department of Obstetrics and Gynecology, Johannes Gutenberg University, Mainz, and untreated in the adjuvant setting. Sample collection, clinical data acquisition and gene expression array analysis have been described previously for the Mainz cohort.[@cit0018] The use of human tissue samples and clinical patient information was approved by the Medical Association of Rhineland-Palatinate ethical view board. The data are available from the Gene Expression Omnibus database (GEO, accession number GSE11121). In addition, Affymetrix HG-U133A array data from 2 additional cohorts of node-negative breast cancer patients who did not receive adjuvant chemotherapy, encompassing 286 (Rotterdam) and 280 (Transbig) patients, respectively, was retrieved from GEO (accession numbers GSE2034, GSE6532 and GSE7390). Normalization of the raw data was done using RMA (robust multi-array average). RMA was applied separately for each cohort for single-cohort analyses and to all 766 samples jointly in one step for combined-cohort analyses. Hormone receptor status was derived from the gene array data. Cut-points were 8.2 for the estrogen receptor and 11.2 for HER2. Patient characteristics for the complete Mainz, Rotterdam and Transbig cohorts (total N = 766) have been reported previously[@cit0018] and are presented in **Supplemental Table 11A-C**.

Standardization of data {#s0004-0002}
-----------------------

In order to eliminate possible batch effects derived from the combination of data derived from different microarray gene expression experiments, we standardized the expression values cohort-wise before the statistical analysis. First, for each probe set we calculated the mean and the standard deviation across the samples belonging to the same cohort. Then we standardized expressions values by subtraction of the corresponding mean and division by the corresponding standard deviation.

Statistical analysis {#s0004-0003}
--------------------

A univariate Cox model was applied to evaluate the association between mRNA expression levels of selected circadian clock genes and metastasis-free survival (MFS). To further visualize survival differences, mRNA expression levels were dichotomized at median expression and survival rates were plotted according to the Kaplan-Meier method and compared with the log-rank test. Metastasis-free interval (MFI) was defined as the time between surgery and diagnosis of distant metastasis. Disease-free survival (DFS) was defined as time to metastasis, local recurrence or secondary carcinoma in the contralateral breast. DFS was included as the endpoint in the analysis of the Mainz cohort only. To assess the prognostic power of circadian clock gene expression independent of established clinical parameters, multivariate Cox regression was performed with inclusion of age at diagnosis (\<50 y vs. ≥50 y), tumor size (≤2 cm vs. \>2 cm), tumor grade (I-II vs. III), hormone or estrogen receptor status (positive vs. negative), and HER2 status (positive vs. negative). The multivariate Cox analysis considered data from the Mainz and the Transbig cohorts (N = 480) since clinical parameters were not available for the Rotterdam cohort. The Spearman correlation coefficient was calculated to assess the relation between mRNA expression levels and the expression of metagenes - constructed as described elsewhere[@cit0018] - that represent proliferation, estrogen receptor (ER)-responsiveness and T- and B-cell infiltration. For assessing significant expression differences between 2 clinical or molecular groups the Mann-Whitney test was applied. For comparing multiple groups the Kruskal-Wallis rank sum test was used. The Spearman correlation coefficient was calculated to investigate pairwise correlations of circadian genes in the different patient subgroups.
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Supplemental data for this article can be accessed on the [publisher\'s website](http://dx.doi.org/10.4161/15384101.2014.954454).
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